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Abstract: For a plant species to complete its life cycle in arid and saline environments, each stage of the 
life cycle must be tolerant to the harsh environmental conditions. The aim of the study was to determine 
the effects of water stress (water potentials of —0.05, —0.16, —0.33, —0.56, —0.85 and —1.21 MPa) and NaCl 
stress (50, 100, 200, 300, 400, 500 and 600 mmol/L NaCl) on seed germination percentage, seedling 
survival and growth, juvenile growth and plant reproduction of Lachnoloma lehmannii Bunge (Brassicaceae), 
an cold desert annual that grows in the Junggar Basin of Xinjiang, China in 2010. Results indicated that 
low water stress (-0.05 and —0.16 MPa) had no significant effect on seed germination percentage. With a 
decrease in water potential, germination percentage decreased, and no seeds germinated at —0.85 and 
—1.21 MPa water stresses. Germination percentage of seeds was significantly affected by NaCl stress, and 
higher germination percentages were observed under non-saline than saline conditions. An increase in 
NaCl concentrations progressively inhibited seed germination percentage, and no seeds germinated at 
2400 mmol/L NaCl concentration. Non-germinated seeds were transferred from both PEG (polyethylene 
glycol-6000) and NaCl solutions to distilled water for seed germination recovery. The number of surviving 
seedlings and their heights and root lengths significantly decreased as NaCl stress increased. About 30% 
of the plants survived and produced fruits/seeds at 200 mmol/L NaCl concentration. Thus, seed 
germination, seedling establishment and reproductive stage in the life cycle of L. /ehmannii are water- and 
salt-tolerant, with seedlings being the least tolerant. These tolerances help explain why this species can 
survive and produce seeds in arid and saline habitats. 
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1 Introduction 


Desert habitats are characterized by harsh environmental conditions, for example seasonal and 
daily temperature extremes, low precipitation and high evaporation (Gutterman, 2002). In 
addition, high groundwater level and strong physical weathering lead to the accumulation of 
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salinity in the surface layer of the soil (Xi et al., 2006). In these habitats, substrate drought and 
salinity are major factors affecting seed germination percentage, establishment of seedlings (Ma 
et al., 2016) and plant growth and reproduction (Galle et al., 2007; Li et al., 2013). 

Since seed germination and seedling establishment and growth are the most critical stages in 
the life cycle of plants, the status and the time of seedling growth determine whether the seedlings 
will survive or not (Kitajima and Fenner, 2000; Baskin and Baskin, 2014; Ludewig et al., 2014; 
Hu et al., 2015). After dormancy is broken, favorable temperature, soil moisture and light 
conditions in environment must overlap with the seeds' requirements for germination, otherwise 
the seeds do not germinate. Especially in the case of desert annuals, information on the responses 
of seeds and seedlings to drought and high soil salinity is important in developing an 
understanding of the ecological adaptation of a species to the stressful desert habitats (Fenner and 
Thompson, 2005; Zhang et el., 2010; Hu et al., 2015; Zhang et el., 2015). 

Drought, which is related to water potential of both soil and seed (Evans and Etherington, 1990; 
Bradford, 2002; Li et al., 2013; Hu et al., 2015), is one of the most important limiting 
environmental factors restricting seed germination percentage and successful establishment of 
seedlings. Drought affects seed imbibition, seed germination percentage and growth of seedlings 
(Galle et al., 2007; Ahmad et al., 2009). Salinity also has a critical influence on seed germination 
percentage and plant establishment. For example, increasing salinity concentrations may cause 
inhibition or delay of seed germination percentage, negatively affect seed viability, induce 
secondary dormancy and reduce the growth of seedlings (Khan and Gul, 2006; Zehra et al., 2013; 
Baskin and Baskin, 2014; Santo et al., 2017). 

Lachnoloma lehmannii Bunge is a cold desert annual that occurs in central and southwestern 
Asia. In China, this species grows only in rocky or saline sandy soils of deserts in the Junggar 
Basin of Xinjiang, China (Zhou et al., 2001; Mamut et al., 2014). Since L. lehmannii grows and 
sets seeds in arid and saline habitats (Mamatriyim et al., 2011), we hypothesized that the seed and 
seedling stages of its life cycle are tolerant of water stress and NaCl stress, which would be 
important adaptations to the harsh arid and saline habitats. To test this hypothesis, we researched 
the effects of water stress and NaCl stress on seed germination percentage and recovery, seedling 
survival and growth, juvenile growth and plant reproduction in L. lehmannii in the Junggar Basin 
of Xinjiang, China. 


2 Materials and methods 


2.1 Seed collection and field site description 


Freshly matured silicles were collected from dry infructescences of L. lehmannii plants growing 
on saline and sandy soils of the Junggar Basin (44°22'25"N, 88°08'30"E; 454 m a.s.l.), Xinjiang, 
China, on 21 June 2009 and 4 July 2010. After collection, silicles were stored in paper bags under 
ambient conditions in laboratory (18°C—30°C temperature and 20%-—30% relative humidity) until 
used. 

The study area is an inland cold basin with a typical temperate desert climate. Mean monthly 
precipitation and monthly maximum and minimum temperatures at the Fukang Meteorological 
Station near to the Junggar Basin during 2001—2010 are shown in Figure 1. Annual mean 
temperature is 8.3°C and mean temperatures of the coldest (January) and hottest (July) months are 
—15.6°C and 26.0°C, respectively. Average annual precipitation (including rainfall and snow) is 
222 mm, about two-thirds of which occurs in spring and summer, and the snow that falls in winter 
begins to melt in March or April. Annual potential evaporation is >2000 mm (Wei et al., 2003). 


2.2 Effects of water stress on seed germination percentage and germination recovery 


To determine the effect of water stress on germination percentage, we used distilled water and 
solutions of polyethylene glycol-6000 (PEG-6000) (Michel and Kaufmann, 1973) with water 
potentials of —0.05, —0.16, —0.33, —0.56, —0.85, and —1.21 MPa. Seeds were incubated in 
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Fig. 1 Mean monthly precipitation and monthly minimum and maximum temperatures at the Fukang 
Meteorological Station near the study site during 2001-2010 


9-cm-diameter Petri dishes on two sheets of Whatman No. 1 filter paper moistened with distilled 
water or one of the six concentrations of PEG. Petri dishes were sealed with plastic film to retard 
evaporation, and seeds were incubated in a daily (12 h/12 h) light and dark regime (100 
umol/(m?-s), 400-700 nm, cool white fluorescent light; hereafter referred to as light) at 15°C/2°C, 
the optimum conditions for germination (Mamut et al., 2014). Three replications of 50 seeds 
(dry-stored for 6 months after ripened) were used for each treatment. Germination percentage in 
light was monitored daily for 15 d, after which non-germinated seeds were rinsed three times with 
distilled water and then incubated for an additional 15 d in Petri dishes containing 5 mL distilled 
water to test for germination recovery. Germination recovery was calculated using the following 
formula: (a—b)/(c—b)x100%, where a is the total number of seeds that germinated in PEG solution 
plus those that recovered to germinate in distilled water; b is the number of seeds germinated in 
PEG solution; and c is the total number of seeds tested (Gul and Weber, 1999). Final germination 
percentage was calculated as (a/c)x100%. Seed viability was expressed as (a+d)/cx100%, where 
d is the number of embryos that stained pink in a 0.1% solution of 2, 3, 
5-triphenyl-2H-tetrazolium chloride (TTC) following the seed germination recovery test. For the 
viability test, seeds were cut open and placed in a 0.1% aqueous TTC solution at 20°C for 24 h. 
Embryos that stained red or pink were considered to be viable and those that did not stain 
nonviable (Baskin and Baskin, 2014). 


2.3 Effects of NaCl stress on seed germination percentage and germination recovery 


The effects of 50, 100, 200, 300, 400, 500 and 600 mmol/L NaCl concentrations on seed 
germination percentage were tested at a daily and night temperature regime of 15°C/2°C (12 h/12 
h) in light; control seeds were incubated in distilled water. Three replicates of 50 seeds were used 
for each treatment and control. Seeds were incubated in 9-cm-diameter Petri dishes on two sheets 
of Whatman No. 1 filter paper moistened with distilled water or one of the seven concentrations 
of NaCl. Germination percentage was monitored daily for 15 d, after which all non-germinated 
seeds were rinsed three times with distilled water and then incubated for 15 d in Petri dishes 
containing 5 mL distilled water. Germination recovery, final germination percentage, and seed 
viability were determined as described above. 


2.4 Effects of water stress on plant growth and reproduction 


On 28 March 2010, 600 ripened seeds were sown to a depth of 3 cm in 30 plastic pots (18 cm in 
depth and 21 cm in diameter with drainage holes at the bottom) filled with soil from the natural 
habitats of L. lehmannii. The sown seeds were exposed to near-natural temperatures in a 
non-temperature-controlled metal frame house (top covered, with a sheet of plastic, only when it 
rained) in the experimental garden of Xinjiang Agricultural University, China. Before the 
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beginning of treatment, the soil was watered daily to field capacity. To prevent variation in initial 
seedling size, we kept three seedlings of the same size in each pot and removed the others. After 
20 d, when the seedlings had four leaves, three moisture levels were applied to the plants: watered 
to field capacity every day (high water supply), watered every 3 d and watered every 6 d. There 
were 10 replicates per treatment, i.e., 10 pots each with three seedlings (3 treatmentsx10 
replicatesx3 seedlings per replicate). The experiment was terminated on 1 July 2010, at which 
time the plant height, length of the longest roots, number of fruits, and number of seeds were 
recorded for the 30 plants from each treatment. Each plant was divided into root and shoot 
(including leaves, stems and fruits) and oven-dried to a constant weight at 80°C for 48 h in paper 
bags. Then, all parts were weighed using an electronic-balance (0.0001 g). 


2.5 Effects of NaCl stress on seedling survival and growth 


Five replicates of 20 seeds were sown on 24 March 2010 in 35 pots (10 cm in diameter and 10 cm 
in depth). Pots were watered with tap water and fertilized every 3 d with half strength Hoagland 
solution. Twelve days after sowing, the number of seedlings (with two cotyledons each) was 
removed to four per pot, and NaCl treatments were initiated. All plants were watered every day 
either with Hoagland solution or with Hoagland solution plus 50 mmol/L NaCl. The control 
plants (five pots) were watered only with Hoagland solution. Plants receiving 50, 100, 150, 200, 
250 and 300 mmol/L NaCl were watered with Hoagland solution plus NaCl for 1, 2, 3, 4, 5, and 6 
d, respectively. After plants received their allotted amount of NaCl, they were watered only with 
Hoagland solution. The experiment was terminated after 3 weeks. During the experiment, a 
seedling was defined as dead when it became yellow and wilted. The number of dead seedlings 
was recorded daily. When the experiment was terminated, the height of living seedlings and the 
length of the longest root were measured. Biomass of seedlings was determined after drying at 
80°C for 48 h. 


2.6 Effects of NaCl stress on juvenile growth and plant reproduction 


We determined the effect of NaCl on growth and reproduction of plants grown in aerated 
Hoagland solutions. Twenty 8-month-old (dry-stored) seeds were sown on 24 March 2010 in each 
of 50 pots (15 cm in diameter and 11 cm in depth) filled with sand and watered with tap water 
daily. Seedlings with three rosette leaves were transferred to plastic containers (40 cmx30 cmx12 
cm) filled with Hoagland solution. There were 10 seedlings per container and three replicates 
(containers) per treatment. After 7 d, when the seedlings had four leaves, NaCl treatments were 
initiated. Control seedlings received no NaCl, and all others received 50 mmol/L NaCl (in 
Hoagland solution) for 1, 2, 3 and 4 d, resulting in NaCl concentrations of 0, 50, 100, 200 and 300 
mmol/L, respectively. During the experiment, the Hoagland solution (including NaCl) was changed 
weekly, and it was aerated in all containers with SP-780 pumps (Zhongshan Risheng Electric 
Appliance Co., Zhongshan, China). At the end of the life-cycle on 30 June 2010, the number of 
surviving plants, height, length of the longest root, number of fruits, and number of seeds per 
plant were recorded. The plants in each treatment were collected separately and divided into root 
and shoot (including leaves, stems and fruits) and oven-dried to a constant weight at 80°C for 48 
h in paper bags. After drying, all parts were weighed using an electronic-balance (0.0001 g). 


2.7 Data analyses 


Data were logio or arcsine transformed as necessary to meet normality and homogeneity of 
variance assumptions (non-transformed data appear in all tables and figures). If the ANOVA 
(analysis of variance) assumptions were violated after data transformation, treatment differences 
were assessed by using the more conservative Kruskal-Wallis non-parametric test. One-way 
ANOVA was used to test the effects of water stress and NaCl stress on germination percentage 
and germination recovery, percentage of seedling survival, seedling growth, plant size and 
fruit/seed production. Tukey's HSD test and paired two-tailed tests were performed for multiple 
comparisons to determine if differences between individual treatments were significant (P<0.05). 
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Values are means+SE (Sokal and Rohlf, 1995). Data were analyzed using SPSS for Windows, 
Version 16.0 (SPSS Inc., Chicago, IL, USA). 


3 Results 


3.1 Effects of water stress on seed germination percentage and germination recovery 


Water stress had a significant effect on germination percentage (P<0.001). In general, 
germination percentage decreased with a decrease in water potential during incubation. 
Germination percentage was >80% at 0.00, —0.05 and —0.16 MPa water potentials; however, no 
seeds germinated at —0.85 and —1.21 MPa (Fig. 2). Germination recovery of seeds incubated at 
—0.85 and —1.21 MPa were higher than that of seeds incubated at 0.00, —0.05, —0.16 and —0.56 
MPa. TTC staining showed that all of the non-germinated seeds were viable. 
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Fig. 2 Effects of water stress on seed germination percentage and germination recovery of Lachnoloma 
lehmannii incubated at 15°C/2°C in light. Bars indicate standard errors. Different lowercase letters indicate 
significant differences in seed germination percentage or germination recovery among different water stresses at 
P<0.05 level. 


3.2 Effects of NaCl stress on seed germination percentage and germination recovery 


Germination percentage was significantly affected by NaCl stress (P<0.001). At 0 and 50 mmol/L 
NaCl concentrations, about 89% and 78%, respectively, of the seeds germinated, but at >400 
mmol/L NaCl concentration, none of the seeds germinated (Fig. 3; Table 1). 
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Fig. 3 Effects of NaCl stress on seed germination percentage of Lachnoloma lehmannii incubated at 15°C/2°C 
in light with time. Bars indicate standard errors. 


After non-germinated seeds were transferred from NaCl solution to distilled water, they 
recovered and germinated. As NaCl decreased, germination recovery increased, and for NaCl 
concentrations ranging from 100 to 600 mmol/L, germination recovery was significantly higher 
than that of the control (P<0.001) (Table 1). TTC staining showed that the percentage of viable 
non-germinated seeds remained after the recovery period increased with an increase in NaCl 
concentration. 
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Table 1 Effects of NaCl stress on seed germination and seed viability of Lachnoloma lehmannii 


NaCl Germination Germination Final Total viable ; ‘ 
; germination Viable non-germinated 
concentration percentage recovery ërcentare seed seeds (%) 
(mmol/L) (%) (%) p (%) 8 (%) 

0 88.7+5.3" 0.0+0.0* 88.7+0. 1" 100.0+0.0° 11.3+0.1° 

50 78.0+1.7° 41.7+5.8® 87.1+1.6° 100.0+0.0° 12.9+1.6% 
100 44.2+1.4° 73.7+3.0° 85.6+41.27 100.0+0.0* 14.541.2*° 
200 27.343.0° 66.0+2.74 70.0+4.7° 100.0+0.0* 30.0+5.0° 
300 10.7+42.1° 58.4+4.7% 63.2+0.1° 100.0+0.0* 34.745.24 
400 0.0+0.0° 58.0+1.2 58.0+1.2° 100.0+0.0* 30.5+0.7% 
500 0.0+0.0° 46.747.0°4 46.747.0° 100.0+0.0* 32.0+4.24 
600 0.0+0.0° 34.7+0.7° 34.7+0.7° 100.0+0.0* 35.3+23.0° 


Note: Different lowercase letters in each column indicate significant differences among different NaCl concentrations at P<0.05 level. 
mean+SE. 


3.3 Effects of water stress on plant growth and reproduction 


Water stress significantly inhibited the height (P<0.001), number of fruits (P<0.001), number of 
seeds (P<0.001) and shoot mass (P<0.001), which decreased with a decrease in watering 
frequency. However, the root length (P=0.67), root mass (P=0.57) and root/shoot ratio (P=0.44) 
were not significantly affected by water stress (Table 2). 


Table 2 Effects of water stress on plant growth and reproduction of Lachnoloma lehmannii 


Water Height of No. of fruits No. of seeds Length of the Root mass Shoot mass Root/shoot 
stress (d) plant (cm) per plant per plant longest root (cm) (g) (g) ratio 
1 20.1+0.7" 16.441.2* 32.5+2.4" 11.8+0.5* 0.1+0.1* 0.6+0.4* 0.2+0.1* 
3 15.3+0.9° 11.3+0.9° 22.5+1.9° 10.5+0.5" 0.1+0.0* 0.4+0.1° 0.1+0.0" 
6 12.4+0.7° 8.70.7 ° 17.141.2° 9.8+0.7" 0.1+0.0* 0.3+0.0° 0.1+0.0* 


Note: Different lowercase letters within a column indicate significant differences among different times of water stresses at P<0.05 level. 
Mean+SE. 


3.4 Effects of NaCl stress on seedling survival and growth 


NaCl stress had a significant effect on seedling survival (P<0.001), height (P<0.001), root length 
(P<0.001), seedling biomass (P<0.001) and root/shoot ratio (P<0.001; Fig. 4). Low salinity (50 
mmol/L NaCl) had no effect on seedling or root/shoot ratio, but 100 and/or 150 mmol/L NaCl 
concentration significantly inhibited the survival, height, biomass but not root/shoot ratio. No 
seedling growth occurred at NaCl concentration of >250 mmol/L. 


3.5 Effects of NaCl stress on juvenile growth and plant reproduction 


Number of surviving plants (P<0.001), plant height (P<0.001), root length (P<0.001), number of 
fruits (P<0.001), number of seeds per plant (P<0.001) and seedling biomass (P<0.001) 
significantly decreased with an increase in NaCl concentration (Table 3). In this study, 50 mmol/L 
NaCl concentration had no effect on any of these variables, except for plant height. However, 
seedling growth and development were inhibited at 100 mmol/L NaCl concentration, all 
parameters were significantly inhibited at 200 mmol/L NaCl concentration and no seedlings 
survived at >200 mmol/L NaCl concentration. 


4 Discussion and conclusions 


Our hypothesis that the seed and seedling stages of the life cycle of L. lehmannii are tolerant of 
water stress and NaCl stress was supported by data from the germination experiment in the 
laboratory (Figs. 2 and 3) and by data from the seedling survival, juvenile growth and plant 
reproduction studies in the experiment (Fig. 4; Tables 2 and 3). L. lehmannii is an annual that and 
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Fig. 4 Effects of NaCl stress on seedling survival (a), seedling height (b), root length (c), root/shoot ratio (d) 
and seedling biomass (e) of Lachnoloma lehmannii. Different lowercase letters indicate significant differences 
among different NaCl concentrations at P<0.05 level. 


Table 3 Effect of NaCl stress on growth and reproduction of Lachnoloma lehmannii 


NaCl No. of Plant No. of No. of Length of the Root dry Shoot dry  Root/shoot 
concentration surviving height fruits per seeds per longest root mass (g) mass (g) mate 
(mmol/L) plants (cm) plant plant (cm) E $8 18 
0 26.3+1.2* 28.4+1.2* 33.043.2*  66.3+6.3° 14.6+0.5* 0.3+0.0% 0.70.1° 0.5+0.0" 
50 23.3+0.9" 18.4+0.9° 25.042.1°  48.8+3.9* 15.1+0.8" 0.4+0.0° 0.9+0.1* 0.4+0.0" 
100 16.041.2° 13.7+1.0° 10.441.9° — 20.743.2° 15.4+0.9* 0.1+0.1° 0.5+0.1° 0.2+0.0° 
200 10.0+0.8° 6.141.4° 3.8+0.9° 7.6+1.2° 8.4+1.2° 0.1+0.0° 0.3+0.1° 0.2+0.0° 


Note: Different lowercase letters within a column indicate significant differences among different NaCl concentrations at P<0.05 level. 
Mean+SE. 


germinates and completes its life cycle in saline regions of the cold desert; thus, its seeds plants 
are subjected to both water stress and NaCl stress. Not surprisingly, seeds of this species are 
tolerant of moderate water (—0.05 and —0.16 MPa) stress and NaCl (50 and 100 mmol/L) stress. 
However, germination percentage was inhibited at -0.85 MPa water stress and reduced to 10% at 
300 mmol/L NaCl concentration. Mamatriyim et al. (2011) reported that the germination 
percentage of L. lehmannii seeds was about 22% when incubated in a 300 mmol/L NaCl solution 
at 15°C/5°C. 

The ecological implications of these responses of L. lehmannii seeds to water stress and NaCl 
stress are that the most favorable time for germination in the cold desert would be the summer 
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season when rainfall is relatively high. Summer germination, however, would result in plants of 
this annual species having a short growing season before onset of frost in autumn. For the 
maximum fitness (i.e., seed production), germination in early spring is better than that in summer 
because plants from spring-germinating have more time to grow and thus produce more seeds 
than plants from summer-germinating. 

Spring germination of L. lehmannii seeds is possible due to (1) moderate tolerance of seeds to 
water stress and NaCl stress, (2) snow melt and possibly some rainfall that reduce water stress 
and NaCl stress, and (3) ability of seeds to germinate at early spring temperatures (i.e., 5°C/2°C 
and 15°C/2°C) (Mamut et al., 2014). It has been previously shown that seeds of halophytes 
germinate when rainfall (or snow melt) decreases soil salinity (Ungar, 1991; Khan and Ungar, 
2001; Huang et al., 2003; Wetson et al., 2008). 

The fact that high NaCl did not kill the seeds of L. lehmannii and that they could germinate 
when moved to fresh water suggests that high NaCl inhibits germination percentage in the field 
until there is sufficient soil moisture to reduce the salinity. However, isolated seeds of L. 
lehmannii germinated to only about 20% at high summer temperatures (e.g., 25°C/15°C and 
30°C/15°C), and none of the seeds enclosed by the fruits and incubated in light or in darkness 
germinated at these temperatures (Mamut et al., 2014). Thus, due to high temperatures in the 
habitats, rainfall in summer would not result in a high germination percentage, although soil 
salinity was decreased. Furthermore, some seeds of L. lehmannii did not germinate after being 
transferred from high NaCl concentrations to distill water, suggesting that they had entered 
secondary dormancy, which further ensures that seeds would not germinate following rainfall in 
summer. Consequently, seeds would remain non-germinated in the soil until spring when 
temperatures are relatively low and snow melt and rainfall decrease salinity. Spring germination 
also has been documented in other desert-inhabiting Brassicaceae such as Alyssum minus (Sun et 
al., 2012), Diplotaxis harra (Tlig et al., 2008) and Farsetia aegyptia (Bhatt et al., 2018). 

Seed germination is a key stage in the life cycle of plants (Tevis, 1958; Mott, 1974; Tang et al., 
2009), but unless it occurs at a time when habitat conditions are favorable for seedling 
establishment and growth, the seedlings will die (Ungar, 1995; Khan and Gulzar, 2003; Tlig et al., 
2008; Bojović et al., 2010; Gul et al., 2013; Wang et al., 2015). Thus, germination is most likely 
to occur when seedlings can survive due to a long-term natural selection (Grappin et al., 2000; 
El-Keblawy and Al-Rawai, 2005). In arid and semi-arid regions, soil moisture is one of the most 
important factors controlling seed germination (Koller, 1969; Gutterman, 1990; Tang et al., 2009) 
and limiting seedling survival, growth and productivity (Raich et al., 1991; Haase et al., 1999). In 
our study, decreased watering frequency resulted in decreased size of L. lehmannii plants, but 
even the smallest plants produced seeds. Since L. lehmannii plants can produce seeds when water 
stressed, some seeds will be produced regardless of the unpredictability of rainfall in spring and 
summer, ensuring that the population can persist at local habitats. 

Salt tolerance during the growth and sexual reproduction stages of the life cycle may differ 
from that during seed germination stage (Kigel, 1995; Gutterman, 2002; Tlig et al., 2008). In fact, 
some studies suggest that the seedling stage has the lowest tolerance to extreme environmental 
factors (Gutterman, 1993; Khan and Rizivi, 1994; Qu et al., 2008). In L. lehmannii, the number of 
surviving seedlings and their height and root length decreased significantly as NaCl concentration 
increased. This characteristic of L. lehmannii is similar to that of the desert species Suaeda 
corniculata (Yang at al., 2017). However, the root/shoot ratio increased with an increase in NaCl 
concentration (Fig. 4d), suggesting that proliferation/growth of roots was occurring in young 
seedlings, which would increase water uptake from the saline substrate, thereby helping to 
prevent seedling death. 

For plants of L. lehmannii grown to maturity (Table 3), increased NaCl concentration decreased 
the number of surviving plants, height, root length, number of fruits/seeds per plant, biomass and 
root/shoot ratio. Thus, inhibition by NaCl stress of growth and development of L. lehmannii was 
lower than that of the seedling stage. In this study, 50 mmol/L NaCl concentration had no effect 
on plant growth and reproduction, except for plant height. Thus, 30% of the plants survived and 
produced fruits/seeds at 200 mmol/L NaCl concentration, suggesting that plants of L. lehmannii 
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are more salt-tolerant than other desert species, such as Pachypterygium multicaule, Malcolmia 
africana and Tetracme quadricornis (Mamatriyim et al., 2011). 

Flowers and Colmer (2008) defined halophytes as species that survive and reproduce in 
environments where the salinity concentration is around 200 mmol/L or more. In our study, seeds 
of L. lehmannii germinated and plants survived and produced seeds at 200 mmol/L NaCl 
concentration. Also like seeds of other halophytes (Khan and Ungar, 2001; Huang et al., 2003; 
Tlig et al., 2008), seeds of L. lehmannii remained viable and most of them recovered and 
germinated after exposure to high NaCl concentrations. 

During seed germination stage, the life cycle of L. lehmanii has the highest resistance to water 
stress and NaCl stress, and seedlings are most susceptible. However, tolerance of water stress and 
NaCl stress increased with growth and reproduction of the plants. In the field, newly-germinated 
seedlings can be found in early spring, at which time rainfall is unpredictable but there is water 
from snow melt. With low rainfall and increasing temperatures, the salinity concentration of the 
soil increases; therefore, some seedlings die. The seedlings that do survive become increasing 
tolerant, no doubt due in part to the development of a good root system. Also, during summer the 
rainfall may increase. Nonetheless, plants grow, flower, and produce seeds under high salinity 
stress. We conclude that high tolerances of water stress and NaCl stress are important adaptations 
of L. lehmannii plants to persist in arid and saline habitats of the cold desert with unpredictable 
timing and amount of rainfall. 
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